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Abstract
This paper examines two concepts for a reusable military launch system (RMLS). Both are rocket powered vertical takeofF-horizontal landing configurations. One is a conventional wing-body configuration like the Space Shuttle, the other is a lifting body configuration. The lifting body design lands in an inverted attitude, which significantly reduces the maintenance requirements for the vehicle's thermal protection system. The longitudinal stability and control characteristics are examined, and footprint calculations are made for re-entry. 
4>
Latitude
V-

Heading angle
Nomenclature c Wing chord
Introduction
In recent years, the increasing potential of space in military and commercial applications has attracted interest in space operation vehicles by governments and industries. The renewed interest has resulted in various design studies and engineering development programs such as NASA's X-34 hypersonic rocket powered test vehicle, and X-37 reusable upper stage and satellite bus, X-33 program for demonstrating singlestage to orbit, the Ballistic Missile Defense Organization's Single-Stage Rocket Technology program that built the Delta Clipper-Experimental (DC-X) experimental reusable spaceplane. The objectives of these design studies and engineering programs are to advance the technologies required for affordable and reliable space flights such as composite propellant tanks, lightweight robust airframe, long Ufe-time thermal protection system. Furthermore, to make space access more routine, NASA's Space Launch Initiative (SLI) aims to develop a second generation reusable launch vehicle that reduces cost while improving safety and reliability. Parallel to NASA's effort in meeting requirements of reusable launch vehicles for civilian applications is the Department of Defense's National Aerospace Initiative (NAI) which seeks to meet the unique requirements of military space operation vehicles such as launch-ondemand along with affordability, safety, and reliability. As a result, increasing focus is placed on technologies that enable the space vehicles to have aircraft-like characteristics such as safety, operability, supportability, turn-around-time, and affordability. Supporting this space effort to meet the goals of future military space operation vehicles, preliminary design studies are underway at the Air Force Research Laboratory. This paper will examine the longitudinal stability and re-entry footprint for two of these designs. Both include technologies intended to improve vehicle operability and significantly reduce launch turnaround times. [4] ) will be given here. Lift coeflScient is predicted very well at both transonic and hypersonic speeds, as indicated in Figure 2 . The large reduction in lift curve slope at hypersonic speeds is evident. Pitching moment comparisons are shown in Figure 3 . At hypersonic speeds, both the prediction and data show that the configuration is unstable at low angles of attack and becomes stable at the high angles of attack attained during re-entry. At transonic speeds, the configuration is very stable with an unstable break between 10 and 20 degrees. Although Missile Datcom correctly predicts the slope and the break, the zero angle of attack value is underpredicted. This is probably because the code ignores the effect of forebody camber. The overall shift in static stability represents a center of pressure travel of about 6 percent of the body length. 
Study Vehicles
Two USAF developed designs are the study vehicles for the present paper. Both designs are scaled versions of larger vehicles, and are intended to demonstrate technologies for rapid turnaround launch concepts. Both are rocket powered, vertical takeoff and horizontal landing concepts. One is a wing-body configuration, similar to the Space Shuttle (Ref. [5] )and X-34 (Ref. [4] ), while the other is a lifting body similar to the X-24B (Ref. [6] ). One unique feature of the lifting body concept is that it lands in an inverted attitude, with the thermal protection system on the top. The designs are shown in Figures 4, 5 and 6 . The vehicles as modeled by Missile Datcom are shown in Figure  7 , along with key dimensions.
The wing-body configuration is similar to the Space Shuttle except that the vertical tails are mounted on the wing tips. This would allow two such vehicles to be stacked one atop the other. The fuselage is 53 ft long with a fineness ratio of 5. The relatively low fineness ratio enhances accessibility and operability while the vehicle is in a vertical attitude prior to launch. Over- Inverted landing designs are not new, they were studied during the X-30 NASP program to address inlet integration issues. An inverted landing design can also improve landing performance by reducing landing speeds. Inverting the vehicle changes the body camber from nose down to nose up during landing. The control deflection required to trim this camber change increases lift, which decreases landing speed. This increment will be reduced by ground effects, since inverting the vehicle moves the wing away from the ground. Calculations indicate landing speeds reductions of 10 Kts can be attained. This would help reduce maintenance on tires and brakes, another problem for the Space Shuttle. One of the major maintenance items on the Space Shuttle is the thermal protection system (TPS) on the bottom of the vehicle. The tiles and seals that compose the TPS must be laboriously inspected and replaced in many cases after each mission. One major problem is the seals around the landing gear doors. Placing the landing gear on the top of the vehicle, and inverting the vehicle prior to landing, would remove the need for these seals, reducing TPS maintenance requirements. An inverted landing configuration would also have much greater accessibility to the engines, payload, systems, and fuel tanks. These considerations led to the design of an inverted landing configuration. To simplify the landing gear integration, a lifting body concept was selected instead of a wing-body concept. It was scaled to have the same re-entry weight as the conventional design. The body length is 80.3 ft with a width of 30.2 ft. Side mounted vertical tails, which are canted outboard 10 degrees, are mounted forward of the body base. The vehicle planform area is 1575 sq ft. This results in a wing loading of 31 Ib/sq ft, much lower than the wing-body design. The vehicle has four control devices, two rudders and two elevons, which are mounted aft of the body. The center of gravity of the [6] ), with a lift curve slope of just less than 2/radian at low speeds which does not change significantly at transonic or hypersonic speeds. There is no sharp stall at subsonic speeds, in contrast to the conventional configuration. The angle of attack for maximum lift does not change significantly with speed. The maximum L/D at subsonic speeds is about 3.5, more than 20% lower than the conventional configuration. At hypersonic speeds, however, maximum L/D is much higher than for the wing-body configuration. This is typical for this type of configuration. 
Longitudinal Stability and Control
The ability of the vehicle to maintain its longitudinal equilibrium is required before any maneuver is performed by the vehicle. It is therefore of interest to examine the ability of the control surfaces of the vehicle to zero out the wing-body pitching moment so that the equilibrium equations is satisfied:
We note that in Equation 1, the wing-body pitching moment M<, and total control effector pitching moment Mg can be written as
where p is the air density, v is the velocity, 5 is the plane form area, c is the mean aerodynamic chord, CM" is the wing-body pitching coeflicient. CM. is the total control pitching coefficient. The control pitching coefficient can be further expressed as These figures show that the vehicle is statically unstable at low angles of attack at both subsonic and hypersonic speeds, and stable at transonic speeds. At Mach=0.3, the amount of instability at low speeds is low and should be easily accommodated by a flight control system. For a dynamic pressure of 300 psf, unlikely to be exceeded during approach, the time to double amplitude of the pitch instability is about 0.9 sec. The vehicle is untrimmable above 20 degrees angle of attack subsonically. At Mach=l.l, the vehicle is trimmable to angles of attack of almost 40 degrees, although there is a pitchup at 20 degrees angle of attack. At Mach=20, there is a stable break in the pitching moment curve at about 25 degrees angle of attack. This shows that the vehicle would be stable for a typical reentry (AOA 30 deg). Both the X-34 (Ref. [4] ) and Speice Shuttle (Ref. [5] ) have a similar characteristic. The vehicle is also trimmable at all angles of attack hypersonically.
The pitching moment characteristics of the lifting-body configuration are shown in Figures 19, 20 , and 21. At low angles of attack, the vehicle is stable at subsonic and transonic speeds, and unstable at hypersonic speeds. Beyond 10 degrees angle of attack, there is a It is also trimmable at all negative angles of attack at these speeds. This gives a wide range of flight conditions where the vehicle is capable of performing the 180 degree roll maneuver so it can land inverted. At M = 20, there is a stable break in the pitching moment at about 15 degrees angle of attack. This shows that, like the conventional configuration, the vehicle would be stable for a typical re-entry. The vehicle is also trimmable at all angles of attack hypersonically.
Footprint Calculation
The vehicle is assumed to be stabilized with an inner loop attitude controller, the dynamic equations for the un-powered vehicle over a non-rotating earth can be written as:
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(8) Figure 22 illustrates the coordinate system used to model the vehicle.
Induced aerodynamic drag and friction acting on the vehicle cause the total energy of the un-powered vehicle to be monotonically decreasing. The vehicle footprint then consists of points on the earth's surface at which the total energy decreases to a set value. When its energy reaches this value, the vehicle then enters the final part of its trajectory called terminal area energy management phase. Combining its velocity v and altitude h in an energy-state approximation (Ref [7] ) a reduced order model can be obtained to simplify the vehicle description. The specific energy of the vehicle can be expressed as
From equations 3, 6, and 9, the rate of decrease in the vehicle's energy is
Assuming that the vertical forces acting on the vehicles are in equiUbrium and its vertical motion frequency dynamics are much faster its horizontal motion dynamics, the flight path angle can be taken to be near zero, i.e., 7 PS 0. Moreover, since the acceleration normal to the velocity vector is small, i.e., {vj « 0) and v ^ 0, the time-rate of change of the flight path angle can then be taken to be essentially zero, i.e., 7 w 0. 
The vehicle's velocity v{t) can be derived from the current specific energy E{t):
since the vehicle flight altitude h is small when compared to the earth's radius R^. Prom the above discussion, the unpowered vehicle under energy-state approximations has the reduced-order model x = f{x, u, t) of the form:
where x = [9, <t>, V, E]'^ is the vehicle state vector. The control inputs u -\p zf are the air density, p = p{h), and the tangent of the bank angle, 2 = tan((r). The optimization objective is to find the control vector u = \p z] such that, at time t = tf, the crossrange position specified by the vehicle latitude <l>{tf) is maximized for a given downrange value Of = e{tf):
The initial values of the vehicle states are taken to be 0{to) = 0, .^(to) = 0, V(to) = 0 and J?(t") = £•". Following a similar derivation for the optimal control vector z as shown in (Ref. [8] ), we have
(22)
The optimum bank angle er associated with z = t&n{a) Equations 22 and 23 give the optimal cross-range <j>{tf) for a given downrange Of. Iterations on the initial values of Of may be necessary so that the initial guess matches the final value 9{tf) resulted from the equations 20.
Footprint Results
In this section, we apply the method for the footprint calculation to the study vehicles. At the beginning of the reentry phase, the 1534-slug vehicle attains the velocity of 12,500 feet/second at an altitude of 210,000 feet. With this initial energy, the unpowered vehicle's crossrange is calculated until its final energy is equivalent to the energy at the final speed of 1500 feet/second and 60,000 feet of altitude. This corresponds to 0.03 of the initial energy.
An important requirement that must be satisfied in calculating the vehicle footprint is the maintenance of lift to effective-weight equilibrium (L=W) while banking the vehicle:
The respective normal and axial force coeflicients CN and CA obtained from the vehicle's aerodynamic table are transformed into the corresponding lift and drag coefficients C^ and Cp:
A root solver based on the Secant method is then used to minimize the residual of L -W^. Scanning the altitude that is 20,000 feet above and below the vehicle's current altitude, we look for the next optimal altitude command that minimizes the vehicle's drag subject to the constraint L = W. In addition to ensuring that the lift on the vehicle equals its weight, rotational equilibrium must also be enforced to maintain the vehicle's attitude. A trim routine is used to find the aero-control positions that are necessary to balance the base pitching moment produced by the wing-body portion of the vehicle. The lateral directional moments resulting from the wing-body portion of the vehicle are assumed to be zero ( i.e. an assumption of zero steady-state sideslip and wing-body symmetry). In the trim routine, the roll, pitch and yaw control effectiveness of each aerocontrol surface at a fixed Mach number and angle of attack is found from the aerodynamic table using small perturbations. With B being the pitch control effectiveness matrix, 6 the aero-control deflections and Mo the base pitching moment, a linear programming formulation (Ref. [9] ) is used to find S such that:
The re-entry corridor is subjected to additional constraints on dynamic pressure and temperature. The maximum dynamic pressure is a structural constraint and is limited to 2000 Ib/sq ft. The maximum allowable temperature is a thermal constraint and is hmited to 3600 deg R.
As discussed earlier, the footprint is sensitive to the specified final energy. Footprint calculations were generated for the wing-body configuration with final energies of 0.03 and 0.05 of the initial energy. The result is shown in Figure 23 . The final energy has only a minimal impact on the downrange distance and virtually no impact on the crossrange distance. For the lowest energy case, the closest initial landing spot is 6 degrees longitude downrange of the re-entry point. The downrange footprint is about 14 degrees in longitude with a crossrange of ±7 degrees in latitude. Note that these results are representative of an Equatorial landing. For landings at non-zero latitudes, the footprint becomes asymmetric.
The equations for the drag and subsequent energy loss (14, 20) can be expanded to give the following:
Here, there are only three variables that are functions of the vehicle geometry, the zero Uft drag coefficient (Co), the induced drag factor (k) and the wing loading (W/S). This indicates that if a vehicle is scaled to another size and the wing loading is kept constant, then the resultant footprint will be identical. This was verified by calculating the footprint of a 0.75 scale version of the wing-body configuration. Note that this assumes that the relative center of gravity of gravity position also remains unchanged, so the trim characteristics of the scaled vehicles is the same.
The footprint for the Ufting body configuration is shown in Figure 24 , along with the footprint for the wing-body configuration. The footprint of the lifting body concept is slightly larger than the wing body concept, while the closest initial landing spot is almost twice as far downrange (11 vs 6 degrees longitude). This increase in downrange is due to the much higher L/D of the Ufting body concept. The crossrange capability is the same for both vehicles. It is not larger for the lifting body because it had insufficient lift to attain the optimum bank angles required for high crossrange trajectories (24). For the cases analyzed, the wingbody configuration was never bank angle limited. which lands in an inverted attitude. Inverted landing would significantly reduce the maintenance requirements on the thermal protection system. Both vehicles had similar stability characteristics although the lifting body concept had a wider range of trimmable angles of attack. Both vehicles had similar footprints in terms of overall size. However, the footprint of the Ufting body configuration was further downrange because of its higher lift to drag ratio.
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Conclusion
In this paper, we have examined the longitudinal stability, control and re-entry footprint for two reusable military launch vehicle concepts. One is a conventional wing-body design, the other is a lifting body design
